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entry channels. Calcium entry through store-operated calcium entry channels reorganizes the cortical actin rim into stress fibers, which increases centripetally directed tension, and reorganizes junctional complexes at cell-cell and cell-matrix borders (39) . Increased tension, along with loss of cell adhesion, promotes interendothelial cell gap formation, which increases water, solute, and macromolecular permeability, leading to tissue edema (39) . Tissue edema, especially in the lung, is an important cause of patient morbidity and mortality (57) , prompting a search to reveal the molecular anatomy of the endothelial cell store-operated calcium entry signalplex as a potential anti-inflammatory therapeutic target.
Endothelial cells express several transient receptor potential (TRP) proteins of the canonical subfamily, including TRPC1, TRPC3, TRPC4, and TRPC6, all of which have been incriminated in control of endothelial cell barrier integrity (13, 14, 20, 52, 54) . However, functional channels are heterotetramers (4, 16, 25, 50) . TRPC1 and TRPC4 generate a heterotetramer that forms a channel pore, and this channel appears to provide a calcium source that increases permeability (15, 16, 51, 53, 58) . Endoplasmic reticulum calcium store depletion activates the TRPC1/4 channel, generating a small (1-2 pA/pF), calcium (semi)-selective current (reversal potential approximately ϩ40 mV) in endothelial cells, i.e., store-operated calcium entry current (I SOC ) (17) . Protein 4.1 directly interacts with TRPC4 and links the TRPC1/4 channel to the spectrin membrane skeleton (15, 16) . Disruption of the TRPC4-protein 4.1 or the protein 4.1-spectrin interaction abolishes channel activation, whereas disruption of the actin-spectrin interaction is without effect (60) . Protein 4.1 interacts directly with few ion channels, but it fulfills a critical role in gating TRPC1/4 (7) .
Recently, we found that Orai1 also possesses a protein 4.1-binding domain and, furthermore, that it directly interacts with TRPC4 in the TRPC1/4 signalplex (16) . Orai1 is considered to be the molecular basis of the calcium release-activated calcium current (I CRAC ), a very small (Ͻ0.5 pA/pF) and highly calcium-selective current (reversal potential approximately ϩ80 mV) (42, 43) . Endothelial cells possess the I CRAC and the I SOC (1, 61) , although the function of a TRPC4-Orai1 interaction remains unclear. We tested whether Orai1 contributes to calcium permeation through the I SOC (16) . Orai1 silencing did not abolish the I SOC but shifted the reversal potential to the left and decreased calcium-dependent current inactivation, consistent with the idea that Orai1 contributes to TRPC1/4 channel calcium selectivity. Moreover, loss of Orai1 reduced the anom-alous mole fraction effect; in the absence of Orai1, calcium did not effectively inhibit sodium permeation through the I SOC . Under these conditions, activation of store-operated calcium entry did not disrupt the endothelial cell barrier, suggesting an important physiological role for ion selectivity. The nature of the Orai1-TRPC1/4 interaction remains poorly understood. We considered two possibilities: 1) Orai1 forms an independent channel that interacts with TRPC1/4, and 2) Orai1 functions independently as a subunit of the TRPC1/4 channel. Future studies are required to resolve this issue, although work from Trebak and colleagues (1, 61) supports the idea that Orai1 can function as a channel in endothelium. While this prior work established an important role for Orai1 in ion selectivity of store-operated calcium entry channels, it did not evaluate whether sodium entry across the plasma membrane influences cytosolic sodium concentrations. Here we test the hypothesis that, upon activation of store-operated calcium entry channels, Orai1 is a critical determinant of cytosolic sodium transitions.
MATERIALS AND METHODS
Cell isolation and culture. Rat pulmonary arterial endothelial cells (PAECs) were isolated and cultured (18) in DMEM supplemented with 8% Tet system-approved fetal bovine serum (catalog no. 631101, Clontech) and penicillin-streptomycin (1:100; catalog no. 15140-122, Invitrogen).
Genetic modification for conditional knockdown of Orai1. Generation of recombinant retro-lentiviruses is described elsewhere (16) . PAECs were infected with virus to express the pM2641 construct, which stably expresses Tet-On reverse tetracycline transactivator protein, followed by an internal ribosomal entry site, an enhanced green fluorescent protein (GFP), and a blasticidin resistance gene (16) . Infected cells were selected to homogeneity using blasticidin (catalog no. ant-bl-1, InvivoGen; 10 g/ml); cell homogeneity was confirmed by enhanced GFP fluorescence. The purified cells were infected with a second virus containing the pM2879 construct with tetracyclineoperator 7 repeats promoter driven by a doxycycline-reverse tetracycline transactivator protein transcription factor complex, enabling a shRNA expression to knock down Orai1 (16) . The doubly infected (PA2879) cells were selected to homogeneity using puromycin and confirmed by mCherry fluorescence. Knockdown of Orai1 was tested by Western blotting from whole cell lysates in a doxycycline (catalog no. 631311, Clontech) dose-and time-dependent manner (16) .
Intracellular calcium measurements. Cells were loaded with 6 l of fura 2-AM (catalog no. F1221, Invitrogen) and 6 l of pluronic acid (catalog no. P-6866, Invitrogen) in 2 ml of modified KrebsHenseleit (Krebs) buffer (catalog no. K3753, Sigma) for 20 min at 37°C (Forma Series II, model 3110, Thermo Scientific) and then switched to Krebs buffer alone for 20 min to allow for dye deesterification. After three rinses with Krebs buffer, coverslips were transferred into the Attofluor chamber (catalog no. A-7816, Invitrogen). Krebs buffer (2 ml) was added to the chamber to measure the background using a Nikon 1X70 fluorescence microscope system with 340-and 380-nm wavelength filters and Felix fluorescence analysis software (Photon Technology International). A field of ϳ20 cells were imaged in each experiment, and averaged fluorescence from the cell population was recorded and considered to be equal to 1.
Intracellular sodium measurements. PA2879 cells were loaded with 10 l of the intracellular sodium dye Asante NaTRIUM Green-2 (ANG-2/AM; catalog no. 3502, TEFLABS) with 8 l of pluronic acid in 2 ml of Krebs buffer for 1 h at 37°C. The intracellular sodium signal was measured at 488 nm using a Zeiss fluorescence microscope and AxioVision 4.8 microscope software, which enabled image analysis of single-cell fluorescence within the population of ϳ40 cells. Here, in contrast to measurements of cytosolic calcium, both single cell and population responses were evaluated. The sodium signal ratio was calculated by dividing the real-time GFP channel dynamic sodium fluorescence image at each time point by the initial image at 0 s [baseline fluorescence (F0)].
ANG 2 calibration curves were generated in intact PAECs. A sodium solution (110 mM sodium gluconate, 30 mM NaCl, 1.2 mM CaCl2, 0.6 mM MgSO4, and 10 mM sodium-HEPES, adjusted to pH 7.2 using 1 N sodium hydroxide) was prepared, and a similar potassium solution, where sodium ions were replaced with potassium ions, was generated. These solutions were modified from solutions used in previous studies (5, 36) . PAECs were grown to near confluence and loaded with ANG 2-AM, as described above. Cells were then rinsed once with the potassium solution (without sodium ions) and loaded with 3 M gramicidin A in the same solution for 15 min at room temperature. The cover glass was rinsed three times with the potassium solution and assembled into the AutoFluo stainless steel chamber and placed on the microscope stage. After addition of 1 ml of potassium solution to the chamber, images were taken every 5 s to establish baseline fluorescence. After 1 min, extracellular sodium was clamped at ascending concentrations (from 2.5 to 60 mM) by swapping different volumes of the potassium solution with the high-sodium solution. Fluorescence images were recorded for 5 min before the next step-wise increase in extracellular sodium concentration.
Recalcification dose responses. PA2879 cells were loaded with fura 2-AM and ANG 2-AM dyes, and intracellular calcium and sodium signal ratios, respectively, were measured. Cells were incubated in low extracellular calcium (ϳ100 nM), and at 200 s, 1 M thapsigargin (catalog no. T9033, Sigma) was added. At 700 s, calcium chloride (20 l) was added to increase the final calcium concentration to 10 M, 100 M, 500 M, 1 mM, 5 mM, or 10 mM. At 1,200 s, 60.6 l of EGTA (catalog no. E4378, Sigma) were added to a final concentration of 5 mM to chelate the extracellular calcium. In separate experiments, cells were incubated with 2-aminoethoxydiphenyl borate (2-APB; catalog no. 42810, Sigma) or YM-58483 (catalog no. Y4895, Sigma).
Statistical analysis. One-way ANOVA with Bonferroni's post hoc test was used to test differences among treatment groups, as appropriate. Paired t-test was used to compare differences between two groups. Linear regression or two-way ANOVA was used to analyze the time-dependent data. To evaluate the percentage of cells responding to thapsigargin in the presence and absence of Orai1, we used a contingency test, with Cochran-Mantel-Haenszel adjustment, where likelihood ratio and Pearson's P value were calculated. Values are means Ϯ SE, unless specified otherwise. P Ͻ 0.05 is considered statistically significant for the comparisons.
RESULTS
Store-operated calcium entry in PAECs. In our initial studies, we used a recalcification protocol to characterize the thapsigargin-induced store-operated calcium entry response in PAECs (Fig. 1) . Thapsigargin (1 M) was added to PAECs in the presence of low extracellular calcium (ϳ100 nM) to resolve the endoplasmic reticulum calcium release phase (Fig.  1A) . Thapsigargin induced a transient increase in cytosolic calcium that returned to baseline levels within ϳ450 s. Extracellular calcium was then replenished over a range of concentrations, from 10 M to 10 mM, resulting in a concentrationdependent increase in cytosolic calcium (Fig. 1, B and C) . Addition of 100 M extracellular calcium represented the threshold concentration resulting in an increase in cytosolic calcium, whereas 500 M extracellular calcium represented a concentration near the calculated half-maximal concentration of ϳ400 M calcium. A maximal rise in cytosolic calcium was achieved with addition of 5 mM extracellular calcium.
Orai1 optimizes coupling between calcium store depletion and activation of store-operated calcium entry. We next sought to determine whether Orai1 impacts endothelial cell storeoperated calcium entry in PAECs. PAECs were engineered for conditional expression of Orai1 shRNA using a Tet-On approach, as previously described (16) . To silence Orai1, PAECs were treated with doxycycline (3 g/ml) every 24 h for 3 consecutive days, and Orai1 expression was evaluated by Western blot analysis. Consistent with our previous results (16), Orai1 shRNA expression reduced protein abundance, as assessed by Western blotting of whole cell lysates ( Fig. 2A) .
PAEC store-operated calcium entry was examined using the recalcification protocol in the presence and absence of Orai1 over a range of extracellular calcium concentrations (Fig. 2B) . Addition of 1 M thapsigargin resulted in a transient increase in cytosolic calcium that was independent of Orai1; Orai1 depletion did not influence the amount of calcium released from the endoplasmic reticulum, suggesting that it did not deplete calcium stores. Replenishing extracellular calcium produced a concentration-dependent increase in cytosolic calcium, similar to the results obtained in Fig. 1 . We noted that Orai1 silencing did not significantly reduce the global rise in cytosolic calcium upon recalcification at any of the calcium concentrations tested. Orai1 has previously been reported to contribute to the magnitude of store-operated calcium entry, at least in part by optimizing the coupling between stromal interaction molecule 1 (STIM1) on the endoplasmic reticulum and store-operated calcium entry channels (9) , although this is not a uniform finding in all cell types. Indeed, our present results are most consistent with a recent report by Sundivakkam and colleagues (51) suggesting that TRPC4, and not Orai1, is the principal store-operated calcium entry mechanism in endothelia. Since calcium release and calcium entry are uncoupled in the recalcification protocol, it is possible that sufficient time is allowed for endoplasmic reticulum-plasma membrane channel coupling, even in the absence of Orai1.
We performed experiments in which thapsigargin was added to PAECs in the presence of physiologically relevant extracellular calcium concentrations, where calcium release and calcium entry phases have not been separated, as in the recalcification studies. Thapsigargin was added to PAECs over a range of concentrations, from 30 nM to 1 M. We observed that Orai1 was a critical determinant of the probability and the rate at which thapsigargin increased cytosolic calcium, especially at low thapsigargin concentrations (Fig. 2C) ; 30 nM represented a threshold concentration, where ϳ33% of the cell populations failed to respond to thapsigargin with a rise in cytosolic calcium, in the presence and absence of Orai1. In the responding PAEC populations (ϳ67%), Orai1-expressing cells elicited an acute response to thapsigargin, usually within ϳ400 s of its application, whereas Orai1-deficient cells were slow to respond (P Ͻ 0.05). A similar trend was observed when 100 nM thapsigargin was assessed, although statistical significance was not achieved (P ϭ not significant). Here, 100% of the Orai1-expressing cells immediately responded to thapsigargin treatment with an increase in cytosolic calcium, whereas only 60% of Orai1-deficient cells responded acutely; no response was recorded in ϳ10% of the Orai1-deficient cell studies. When 1 M thapsigargin was tested, all cells responded acutely with a rise in cytosolic calcium; Orai1 was not a determinant of the store-operated calcium entry response at this maximal thapsigargin concentration. Hence, Orai1 is a critical determinant of thapsigargin-induced store-operated calcium entry in PAECs, increasing coupling efficiency between store depletion and calcium entry, especially at threshold and low thapsigargin concentrations.
We determined whether Orai1 impacts the magnitude of the thapsigargin-induced global cytosolic calcium response. Initially, we averaged responses from cell populations according to time. From these data, it appeared that larger global cytosolic calcium responses were generated by Orai1-expressing than Orai1-deficient cells, especially at lower thapsigargin concentrations. However, since time to peak in the cytosolic calcium response was longer in Orai1-deficient cells, time became a confounding factor in analyzing the data. Data were therefore standardized, so that the cytosolic calcium responses were not aligned according to the time at which thapsigargin was initially delivered but, rather, according to the peak cytosolic calcium response (Fig. 2D) . From these data, it became apparent that Orai1 was not a determinant of the magnitude of the thapsigargin-induced rise in cytosolic calcium at any of the concentrations tested. Thus Orai1 primarily regulates the time to activation, and not the magnitude of thapsigargin-induced store-operated calcium entry, in PAECs.
Orai1 and extracellular calcium: determinants of sodium permeability. Orai1 is generally believed to form a highly calcium-selective store-operated calcium entry channel, in contrast to TRPC channels, which range from being partially calcium-selective (e.g., TRPC1/4 heterotetramers) to calciumand sodium-nonselective. Recent findings indicate that Orai1 is a determinant of sodium permeation through the TRPC1/4 store-operated calcium entry channel in whole cell patch-clamp studies. On this basis, we examined whether Orai1 contributes to cytosolic sodium concentrations in PAECs. A: PAECs were engineered for doxycycline-inducible expression of Orai1 shRNA, as described previously (15) . Cells were treated with doxycycline (3 g/ml) every 24 h for a total of 72 h. After doxycycline exposure, cell lysates were collected and subjected to Western blot analysis. Conditional expression of Orai1 shRNA silenced Orai1 protein by 72 h (left), an effect that resulted in an ϳ80% decrease in protein as determined by densitometry (middle, n ϭ 20 experiments). Doxycycline treatment induced uniform mCherry expression, consistent with uniform Orai1 shRNA expression (right). B: Orai1 expression was not a determinant of the cytosolic calcium response to thapsigargin in the recalcification protocol following readdition of 100 M [ϩOrai1 (n ϭ 4) and ϪOrai1 (n ϭ 8)], 500 M [ϩOrai1 (n ϭ 6) and ϪOrai1 (n ϭ 10)], and 5 mM [ϩOrai1 (n ϭ 7) and ϪOrai1 (n ϭ 9)] calcium, respectively. ns, Not significant. C and D: cytosolic calcium response to 30 nM, 100 nM, and 1 M thapsigargin in the presence of 2 mM extracellular calcium in the presence and absence of Orai1. C: Orai1 silencing delayed the rise in cytosolic calcium. Pearson P Ͻ 0.05 at 30 and 100 nM thapsigargin. *P Ͻ 0.05. D: averaged responses following 30 nM [ϩOrai1 (n ϭ 6) and ϪOrai1 (n ϭ 7)], 100 nM [ϩOrai1 (n ϭ 7) and ϪOrai1 (n ϭ 8)], and 1 M [ϩOrai1 (n ϭ 9) and ϪOrai1 (n ϭ 7)] thapsigargin, respectively.
To begin these experiments, in vivo calibration curves (e.g., calibrations in intact cells) were performed (Fig. 3 ). PAECs were loaded with the sodium fluorescence indicator ANG 2-AM, and the sodium ionophore gramicidin A (3 M) was added in the relative absence of extracellular sodium. After a stable baseline fluorescence signal was measured, ascending concentrations of sodium were added to the medium. Sodium dose dependently increased ANG 2 fluorescence; changes in fluorescence were detectable between 2.5 and 30 mM cytosolic sodium, with a half-maximal effect near 11 mM. This sodiumdependent increase in ANG 2 fluorescence was substantially inhibited by choline, demonstrating specificity of the dye for sodium over choline (data not shown). Thus ANG 2 accurately detects low millimolar shifts in cytosolic sodium in intact PAECs, below a maximal concentration of 30 mM.
Having established the sensitivity range for ANG 2, cytosolic sodium was measured over a 20-min time course. Basal cytosolic sodium concentrations were stable in the presence of 2 mM extracellular calcium (Fig. 4A) . Orai1 depletion revealed a significant increase in cytosolic sodium over the time course studied (Fig. 4B ), indicating that Orai1 constitutively limits basal sodium leak. Studies were repeated in low extracellular calcium (Fig. 4) . Here, cytosolic sodium was not stable in Orai1-expressing cells but increased steadily over the time course studied. Similar results were obtained in the absence of Orai1, suggesting that extracellular calcium may interact with Orai1 to control basal cytosolic sodium concentrations. Timelapse fluorescent movies (see Supplemental Movie S1, A-D, in Supplemental Material for this article, available online at the Journal website) illustrate the impact of Orai1 and extracellular calcium on cytosolic sodium; it is apparent that Orai1 and extracellular calcium are necessary to stabilize cytosolic sodium.
Sodium influx through store-operated calcium entry channels is controlled by Orai1. Thapsigargin depletes endoplasmic reticulum calcium and promotes calcium entry through storeoperated calcium entry channels, as depicted in Fig. 1 . While whole cell electrophysiology experiments reveal that a population of store-operated calcium entry channels conduct calcium and sodium, the influence of sodium influx on cytosolic sodium is unknown. We examined whether thapsigargin increases cytosolic sodium in the presence of 2 mM extracellular calcium and also in the recalcification protocol. Thapsigargin addition transiently increased cytosolic sodium in the presence ( low extracellular calcium and demonstrate calcium inhibition of sodium influx following recalcification. Hence, these data suggest that Orai1 expression is necessary for thapsigargin to promote a sustained rise in cytosolic sodium.
This idea is further substantiated in the recalcification protocol, where a separation in the thapsigargin-induced steady rise in sodium was noted between Orai1-expressing and -deficient cells [significantly greater slope in Orai1-deficient cells (P Ͻ 0.01)]. Exposure of Orai1-deficient cells to low extracellular calcium resulted in a steady rise in cytosolic sodium, as was seen in Fig. 4 in the absence of thapsigargin treatment. In Orai1-expressing cells, sodium did not accumulate to a similar degree. Interestingly, in both cases, replenishing extracellular calcium abruptly mitigated sodium entry [significantly lower slope following addition of calcium (P Ͻ 0.01)], suggesting that calcium blocks sodium permeation. This inhibitory effect of calcium on cytosolic sodium resembles the anomalous mole fraction effect detected in patch-clamp experiments, where calcium blocks sodium permeation.
Sodium release from an intracellular store has not been detected previously, yet the acute thapsigargin-induced rise in cytosolic sodium resembled the thapsigargin-induced calcium release phase. To specifically compare the temporal nature of the transient thapsigargin-induced increase in cytosolic sodium and calcium, sodium and calcium responses from studies conducted in low extracellular calcium were compared. To interrogate the temporal relationship between sodium-and calcium-release phases, the data for each of the responses were normalized to percent change, where the maximal response for sodium and calcium was set to 1.0, or 100%. As shown in Fig.  6 , the thapsigargin-induced rise in sodium was abrupt and occurred prior to the thapsigargin-induced rise in calcium. Cytosolic sodium also returned to baseline concentrations rapidly, whereas cytosolic calcium remained elevated for ϳ450 s. The presence (Fig. 6A) or absence (Fig. 6B) We considered the possibility that the transient increase in cytosolic sodium was an artifact, due to changes in ANG 2 fluorescence properties after shifts in calcium, potassium, or proton. To test these possibilities, ANG 2 fluorescence was measured in a cuvette with 14 mM sodium (half-maximal ANG 2 fluorescence; Fig. 3A ) containing calcium (100 nM, 500 nM, and 1 M) or potassium (100 -140 mM) buffers. Neither calcium nor potassium altered ANG 2 fluorescence (data not shown). We evaluated the impact of pH on ANG 2 excitation and emission spectra within a pH range of 7.0 -7.8. Within the low range, 7.0 -7.6, pH did not impact the spectra (data not shown). However, pH 7.8 increased the emission signal. Since intracellular pH is in the 7.2-7.5 range, it is unlikely that pH influenced ANG 2 fluorescence. Hence, the thapsigargin-induced transient increase in cytosolic sodium most likely reflects a rapid, transient sodium transition.
Sodium entry occurs through 2-APB-and YM-58483-sensitive channels. Evidence that Orai1 and extracellular calcium mediate sodium entry into endothelium indicates that pharmacological inhibitors of store-operated calcium entry should similarly reduce sodium influx and cytosolic sodium. To test this idea, basal cytosolic sodium was measured in the presence and absence of Orai1 and extracellular calcium. The change in cytosolic sodium over this time period was measured and compared among treatment groups (Fig. 7A) . In low extracellular calcium, Orai1 did not influence cytosolic sodium (P ϭ not significant), as was also seen in Fig. 4 . The addition of 2-APB or YM-58483 significantly decreased cytosolic sodium, suggesting that basal sodium permeation occurs through storeoperated and/or calcium release-activated calcium-like channels in low extracellular calcium. In the presence of extracellular calcium, Orai1 reduced basal sodium by ϳ50%, an effect also observed in Fig. 4 . Thus interaction between Orai1 and extracellular calcium is necessary to suppress sodium entry through store-operated calcium entry channels. Here, we also can see that sodium permeation is mainly through the storeoperated calcium entry channel, and not the calcium releaseactivated calcium channel, in the presence of extracellular calcium and sodium, a finding that is consistent with reports that the store-operated calcium entry channel is permeable to calcium and sodium, whereas the calcium release-activated calcium channel is highly calcium-selective.
We next studied the effect of 2-APB and YM-58483 on the thapsigargin-induced increase in cytosolic sodium. 2-APB (Fig. 7, B and C) or YM-58483 (Fig. 7, D and E) was administered prior to thapsigargin in the presence of 2 mM extracellular calcium and in the recalcification protocol. Both agents decreased the transient thapsigargin-induced increase in sodium. 2-APB and YM-58483 also prevented the sustained increase in cytosolic sodium in the presence of Orai1; this effect was absent in Orai1-deficient cells. Hence, as suggested in the studies described in Fig. 7A, 2 -APB-and YM-58483-dependent inhibition of sodium influx requires the presence of Orai1.
We examined whether 2-APB and YM-58483 reduced calcium entry through store-operated calcium entry channels. 2-APB (Fig. 7C ) and YM-58483 (Fig. 7E ) similarly decreased store-operated calcium entry, as determined using the recalcification protocol. In the presence of 2-APB or YM-58483, readdition of 500 M extracellular calcium in the recalcification protocol increased cytosolic calcium to 340 nm-to-380 nm ratios of ϳ2; in contrast, in the absence of pharmacological inhibition, readdition of 500 M extracellular calcium increased cytosolic calcium to 340 nm-to-380 nm ratios of ϳ4 (Fig. 2B) . Unlike the effect observed with cytosolic sodium, Orai1 expression was not a determinant of whether 2-APB and YM-58483 reduced calcium influx. Thus, Orai1 is not required for 2-APB or YM-58483 to suppress calcium influx, but it is required for these agents to suppress sodium influx, indicating . Thapsigargin induced a transient rise in cytosolic sodium prior to endoplasmic reticulum calcium release. PAECs were treated with doxycycline as described in Fig. 2 legend and then loaded with ANG 2-AM or fura 2-AM to measure intracellular sodium or calcium, respectively. Thapsigargin was applied in the absence of extracellular calcium, and cytosolic sodium and calcium responses were evaluated. Raw data were synchronized according to the time at which thapsigargin was added and converted to a maximal response scale (0 -100% of maximal response), and sodium and calcium release phases were compared. that Orai1 fulfills a central role in determining the global ion selectivity of store-operated calcium entry channels.
Next, using the approach described in Fig. 6 , we quantitatively examined the effect of 2-APB and YM-58483 on the transient thapsigargin-induced increase in sodium (Fig. 7F) . First, the transient increases in cytosolic sodium and calcium were evaluated in Orai1-expressing cells. 2-APB and YM-58483 reduced the transient increase in cytosolic sodium, while only 2-APB reduced the cytosolic calcium response. These latter findings are consistent with evidence that 2-APB inhibits the inositol 1,4,5-trisphosphate receptor and plasma membrane store-operated calcium entry channels, whereas YM-58483 only inhibits plasma membrane calcium release-activated calcium channels. Similar results were obtained in Orai1-deficient cells, where both 2-APB and YM-58483 reduced the transient thapsigargin-induced increase in sodium, while only 2-APB reduced the cytosolic calcium response (data not shown). These data suggest that at least a portion of the transient increase in sodium is due to release from an intracellular organelle and, furthermore, that YM-58483 inhibits an Orai1-independent sodium-permeable channel.
To ascertain whether thapsigargin is capable of inducing sodium release from intracellular stores, we replaced extracellular sodium with choline. Thapsigargin treatment induced a transient rise in cytosolic sodium, but it did not cause a sustained increase in cytosolic sodium (Fig. 7G) . We then compared the magnitude of this transient increase in cytosolic sodium in the presence and absence of extracellular sodium. In both cases, the temporal nature and the magnitude of the cytosolic sodium signal were nearly identical (Fig. 7H) . These 
DISCUSSION
Store-operated calcium entry is the principal mode of calcium influx in nonexcitable cells, such as endothelium. Activation of store-operated calcium entry in endothelial cells results in gap formation and tissue edema, an effect that is especially important in the lung, where tissue edema results in arterial hypoxemia. TRPC1/4 and Orai1 channel(s) have been incriminated in control of endothelial cell permeability, and recent evidence suggests that Orai1 interacts directly with TRPC4 to control calcium selectivity through store-operated calcium entry pathways. In light of these recent findings, we tested whether activation of store-operated calcium entry channels increases cytosolic sodium and, furthermore, whether Orai1 influences the magnitude of this response. Our results demonstrate that 1) activation of store-operated calcium entry increases cytosolic sodium; 2) Orai1 acts coordinately with extracellular calcium to restrict sodium permeation, under basal conditions and following activation of store-operated calcium entry; 3) Orai1 must be present for 2-APB and YM-58483 to inhibit sodium influx to a significant degree; and 4) thapsigargin induces an apparent transient sodium release from an intracellular store or, alternatively, a transient fluctuation that was not prevented by replacement of extracellular sodium with choline.
Store-operated calcium entry channels conduct sodium; however, under physiological conditions, calcium limits sodium permeability through these channels (42) . For example, in the absence of divalent cations, the I CRAC possesses a unitary conductance of sodium that is ϳ10-fold greater than that of calcium. Orai1 possesses two glutamate residues in the channel's pore that are responsible for selecting calcium over sodium, E106 and E190; substitution of these residues with aspartate increases sodium permeability (12, 26, 56) . The store-operated calcium entry channel is less calcium-selective and more likely to conduct sodium (58) . Here, we provide evidence that activation of store-operated calcium entry increases cytosolic calcium and sodium concentrations. Interestingly, Orai1 silencing has little effect on the magnitude of the increase in cytosolic calcium but dramatically increases cytosolic sodium. These findings support the idea that Orai1 interacts with other store-operated calcium entry channels to promote calcium selection, presumably by inhibiting sodium permeation. Future studies are required to determine how Orai1 senses extracellular calcium and restricts sodium permeability through its association with other store-operated calcium entry channels.
The sodium/calcium exchanger modulates intracellular sodium and calcium concentrations upon activation of storeoperated calcium entry (6, 21, 22, 33, 37, 41, 46) . This exchanger operates in forward and reverse directions. Calcium entry could provide a calcium source that drives sodium/ calcium exchange in the forward direction, where cytosolic calcium is extruded from the cell, leading to increased cytosolic sodium. However, prior studies have suggested an alternative possibility: that activation of TRPC3 or TRPC6 channels increases subplasma membrane sodium to a degree sufficient to drive the sodium/calcium exchanger in the reverse direction and increase cytosolic calcium (6, 21, 22, 33, 37, 41, 46) . For the sodium/calcium exchanger to operate in reverse, subplasmalemmal sodium concentrations would have to increase ϳ10 -20 mM (10, 22, 30, 32) . In support of this possibility, activation of store-operated calcium entry has been shown to increase cytosolic sodium, albeit in some instances in highly restricted microdomains (6, 22, 41) . Reducing extracellular sodium increases the cytosolic calcium response following activation of store-operated calcium entry (46) , as does phar- Fig. 7 . Store-operated calcium entry and calcium release-activated calcium channel inhibitors 2-aminoethoxydiphenyl borate (2-APB) and YM-58483 decrease basal sodium leak and thapsigargin-induced sodium entry only in the presence of Orai1. PAECs were treated with doxycycline as described in Fig. 2 legend and loaded with ANG 2-AM or fura 2-AM. A: baseline sodium. In separate experiments, 2-APB or YM-58483 was added. Orai1 and extracellular calcium (2 mM) together potently limit basal sodium leak. 2-APB (75 M) and YM-58483 (10 M) suppress cytosolic sodium, but only in the presence of Orai1. The following studies were conducted in the absence of [Ca 2ϩ ]e: for studies conducted in the absence of Orai1, data represent 6 experiments in which 67 cells were analyzed; for studies conducted in the presence of Orai1, data represent 8 experiments in which 88 cells were analyzed; for studies conducted in the presence of Orai1 and 2-APB, data represent 7 experiments in which 77 cells were analyzed; for studies conducted in the presence of Orai1 and YM-58483, data represent 5 experiments in which 55 cells were analyzed. The following studies were conducted in the presence of [Ca 2ϩ ]e: for studies conducted in the absence of Orai1, data represent 6 experiments in which 65 cells were analyzed; for studies conducted in the presence of Orai1, data represent 6 experiments in which 67 cells were analyzed; for studies conducted in the presence of Orai1 and 2-APB, data represent 5 experiments in which 54 cells were analyzed; for studies conducted in the presence of Orai1 and YM-58483, data represent 6 experiments in which 63 cells were analyzed. Data were analyzed using 1-way ANOVA with Bonferroni's post hoc test: *P Ͻ 0.0001; #P Ͻ 0.01. B-E: after baseline sodium and calcium signals were measured, 2-APB (B and C) or YM-58483 (D and E) was added, followed by thapsigargin in the presence or absence of extracellular calcium. In the presence of 2 mM extracellular calcium, 2-APB (for studies conducted in the presence of Orai1, data represent 5 experiments in which 53 cells were analyzed; for studies conducted in the absence of Orai1, data represent 6 experiments in which 66 cells were analyzed) and YM-58483 (for studies conducted in the presence of Orai1, data represent 6 experiments in which 66 cells were analyzed; for studies conducted in the absence of Orai1, data represent 5 experiments in which 55 cells were analyzed) inhibited thapsigargin-induced sodium entry, but only in the presence of Orai1. In recalcification studies, 2-APB (for studies conducted in the presence of Orai1, data represent 6 experiments in which 66 cells were analyzed; for studies conducted in the absence of Orai1, data represent 5 experiments in which 55 cells were analyzed) and YM-58483 (for studies conducted in the presence of Orai1, data represent 5 experiments in which 55 cells were analyzed; for studies conducted in the absence of Orai1, data represent 7 experiments in which 77 cells were analyzed) again inhibited the thapsigargin-induced increase in cytosolic sodium, only in the presence of Orai1. 2-APB (for studies conducted in the presence of Orai1, data represent 4 experiments; for studies conducted in the absence of Orai1, data represent 4 experiments) and YM-58483 (for studies conducted in the presence of Orai1, data represent 5 experiments; for studies conducted in the absence of Orai1, data represent 7 experiments) decreased the thapsigargin-induced increase in cytosolic calcium, independent of Orai1. Values are means Ϯ SE. F: transient thapsigargin-induced increases in cytosolic sodium and calcium were rescaled as percentage of maximal response. 2-APB and YM-58483 reduced the peak cytosolic sodium response to thapsigargin, whereas only 2-APB decreased the peak cytosolic calcium response to thapsigargin. For [Na ϩ ]i peaks: *P Ͻ 0.0001;^P Ͻ 0.001; #P Ͻ 0.01. For [Ca 2ϩ ]i peaks, P ϭ not significant. G and H: extracellular sodium was replaced with choline, and the thapsigargin-induced cytosolic sodium response was evaluated. Choline substitution abolished thapsigargin-induced sustained increase in cytosolic sodium (G) but did not alter the transient increase in cytosolic sodium (H). macological blockade of the sodium/calcium exchanger (46) . In our studies, the thapsigargin-induced increase in cytosolic sodium was potentiated following Orai1 silencing, an effect that decreases the membrane calcium concentration. Moreover, in Orai1-expressing cells, 2-APB and YM-58483 abolished the thapsigargin-induced sodium influx. These results are therefore more consistent with the idea that thapsigargin increases cytosolic sodium by promoting sodium influx through activated store-operated calcium entry channels, rather than by driving sodium entry through the sodium/calcium exchanger.
An acute transition in sodium across the plasma membrane, based on the electrochemical gradient, is an established mechanism of signal transduction, especially in excitable cells such as neurons and cardiac tissue. In excitable cells, membrane depolarization activates voltage-sensitive sodium channels, which, over millisecond(s) time scales, conduct sodium across the plasma membrane, leading to further depolarization. Aside from these very rapid events, sodium is not a widely accepted second messenger, and in nonexcitable cells, the biological function(s) of a cytosolic sodium transition remains poorly understood.
The best-recognized biological role for sodium transitions in nonexcitable cells pertains to control of membrane potential. In endothelium, thapsigargin and G q -linked agonists induce a transient hyperpolarization due to activation of calcium-activated potassium channels, followed by a sustained depolarization due to sodium influx, partly attributed to a cyclic nucleotide-gated cation channel and, potentially, other nonselective cation channels (59) . This sodium-dependent depolarization limits the electrochemical driving gradient for calcium entry through store-operated channels and provides a negative-feedback mechanism for fine-tuning the global calcium response (55, 59) . Along with this feedback, agonist-evoked increases in cytosolic sodium drive the mitochondrial sodium/calcium exchanger, reducing mitochondrial calcium and adjusting the global cytosolic calcium signal (48) .
In addition to these mechanisms that regulate a cytosolic calcium signal, a new physiological role for sodium fluxes has recently been revealed in endothelium. Endothelial cells express the epithelial sodium channel ENaC. Sodium influx through aldosterone-responsive ENaC increases cytosolic sodium in endothelial cells (38) . The resulting sodium accumulation is accompanied by water uptake through aquaporin channels to produce a physiological "swelling." In this instance, cell swelling impairs nitric oxide synthesis and represents a mechanism for long-term control of blood pressure. Future studies are needed to determine whether Orai1-dependent sodium influx contributes to cell volume control. In our previous studies, Orai1 silencing reduced gap formation (16) . If Orai1 is capable of regulating cell swelling, then sodium transitions leading to cell swelling may impair retraction and serve as a previously unappreciated mechanism for control of endothelial cell barrier integrity.
Increases in cytosolic sodium are not generally thought to control intracellular enzyme activity in ways reminiscent of cytosolic calcium, aside from enzymes such as the sodiumpotassium ATPase. However, sodium has been shown to regulate enzyme activity outside the cell; activated protein C (24), thrombin (28, 31, 40) , and factor Xa (45) in the blood and/or extracellular space possess a conserved sodium-binding domain that is important for enzymatic activity. This conserved sequence is also found in ␤-galactosidase near the catalytic pocket, where it regulates enzyme activity inside the cell; in this instance, it is not clear whether acute shifts in cytosolic sodium can control enzyme activation state (29) . It will be important to determine whether physiological shifts in cytosolic sodium are capable of transiently regulating the activity of cytosolic enzymes.
We detected a thapsigargin-induced transient rise in cytosolic sodium that was due to an apparent sodium store release. This effect preceded the thapsigargin-induced calcium store release and was of shorter duration. The cytosolic sodium transition was present even after extracellular sodium was replaced with choline, it occurred in the presence and absence of extracellular calcium, it did not require the presence of Orai1, and it was partially inhibited by 2-APB and YM-58483. The source of this intracellular sodium release mechanism is unknown. Intracellular estimates suggest that cytosolic sodium concentrations are ϳ5 mM, although concentrations approaching 12 mM have been reported (23, 34, 47, 48 ). It appears that sodium concentrations vary among intracellular compartments; for example, endoplasmic reticulum, mitochondrial, and nuclear concentrations have been estimated to be ϳ27, 10 -50, and 108 mM (or higher), respectively (3, 8, 19, 27, 35) . From these estimates, it appears that a sodium concentration gradient exists between the luminal contents of organelles and the cytosol. While we consider the source of this transient thapsigargin-induced shift in sodium to be due to release from an intracellular source, our studies have not ruled out other possibilities, including mitochondrial "release" via the sodium/ calcium exchanger. Future studies are required to address these possibilities.
Based on this idea, we used parameters established by the Nernst equation {E Na ϭ (RT/zF)ln([Na ϩ ] cyt /[Na ϩ ] store ), where E Na is the reversal potential for sodium, R is the gas constant, T is temperature, z is charge, F is Faraday's constant, and [Na ϩ ] cyt is cytosolic sodium concentration} to examine the physiological constraints to sodium release from an intracellular organelle; a similar mathematical approach was used to model calcium (11, 44) and zinc (11, 44) release from the endoplasmic reticulum, respectively.
If the free cytosolic sodium concentration is 5 mM and if the free endoplasmic reticulum luminal sodium concentration is 20 mM, then the equilibrium potential for sodium is Ϫ36 mV (Table 1) . Although the actual endoplasmic reticulum membrane potential is not known, estimates range from Ϫ95 to Ϫ74 mV, depending on the cell type tested, where the lumen is negative with respect to the cytosol (11, 44) . Under these conditions, sodium release would not be likely, unless thapsigargin depolarizes the organelle membrane potential while activating a channel permeable to sodium. However, if cytosolic sodium is buffered to a free concentration that is Ͻ1 mM or if the luminal sodium concentration approaches 100 mM, then sodium release is favorable (Table 1) . These findings illustrate the importance of 1) resolving organelle membrane potential and the biophysical properties that establish it, 2) identifying the free sodium concentration in organelles, including the endoplasmic reticulum and nucleus, and 3) determining the actual free vs. buffered cytosolic sodium concentrations in endothelium. In summary, we provide evidence that activation of storeoperated calcium entry in endothelial cells is accompanied by an increase in cytosolic sodium. This rise in cytosolic sodium is most prominent after Orai1 silencing, suggesting an important role for Orai1 in calcium sieving of store-operated calcium entry pathways. We detected thapsigargin-induced sodium release from an intracellular pool, although the origin of the sodium pool has not been established. These results prompt consideration of the physiological role played by acute transitions in sodium through activated store-operated calcium entry channels.
